Introduction
Speed of development is an important variable in theories of life history evolution (Sibly & Antonovics, 1992) , as it is generally assumed to affect total lifetime fecundity (Lewontin, 1965; MacArthur & Wilson, 1967) . At the macroevolutionary level, variation in developmental timing in a derivative taxon relative to its progenitor is commonly referred to as heterochrony (Diggle, 1992) . A full understanding of such major evolutionary changes requires an understanding of the genetic basis of phenotypic differentiation. A knowledge of the inheritance of speed of development is also of value in testing key assumptions of genetic models of life history variation (Anderson & King, 1970; Lande, 1982; Charlesworth, 1984 Charlesworth, , 1990 .
Developmental timing in plant species can be objectively determined by the number of days required for development from germination to first flower bud formation, anthesis, and fruiting. Information concerning the genetic control of these flowering characters is rapidly increasing in well-defined experimental mutant systems, particularly Arabidopsis thaliana (L.) Heynh. (Koorneef et aL, 1991; Sung et aL, 1992; Zagotta et at., 1992; Bernier et at., 1993) , and many species of agronomic importance, for example maize (e.g. Freeling et at., 1992 ; see also Bernier, 1988 for a review). In addition, other cereals with genomes suitably mapped at the molecular level have recently been shown to provide excellent material for RFLP marker studies of major genes controlling flowering time and developmental rate (Triticum aestivum, Law et al., 1993; Hordeum vulgare, Laurie et at., 1994) . In contrast, the genetics of developmental timing in most wild plant taxa is poorly known (Murfet, 1977; Bernier, 1988) . Moreover, only very few studies of natural plant populations have provided evidence of the type and direction of evolutionary change in developmental timing by merging qualitative or quantitative genetic
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information with hypotheses of progenitor-derivative relationships (Stephanomeria, Gottlieb, 1973  Mimulus, Macnair & Cumbes, 1989; Fenster & Ritland, 1994; Fenster et a!., 1995) . A general conclusion gained from the studies cited above is that there is wide variation in the genetics of developmental timing, and consequently there is no single type of genetic system -either Mendelian inheritance involving only a few genes with major effects, or polygenic inheritance -that underlies the phenotypic differences.
In this paper we examine the genetic basis of intraspecific differences in speed of development hand. An almost twofold difference in speed of development has been observed in the former case (Kadereit, 1984a, and unpublished results; Comes, 1995a) , and a difference of almost identical magnitude was reported more recently in material of S.
vernalis from different geographical regions (Comes, 1995b ).
The genetic basis of the large difference in speed of development in both S. vulgaris and S. vemalis is the subject of the present analysis. In the case of the former taxon, it is conceivable that its polyploid genomic constitution may lead to difficulties in interpreting patterns of segregation. However, there is well-documented evidence in S. vulgaris of both disomic inheritance at the ray floret locus (Trow, 1912) and fixed heterozygosity at a number of isozyme loci (AAT-3, c.EST-1, PGI-2; Ashton & Abbott, 1992) , thus justifying the assumption that the species contains a diploidized genome.
Material and methods

Senecio vulgar/s
Senecio vulgar/s (common groundsel, 2n = 4x = 40) consists of three taxonomic units, namely ssp. vulgans var. vulgaris, ssp. vulgar/s var. hibernicus Syme, and ssp. denticulatus. Subspecies vulgar/s var. vulgar/s and ssp. denticulatus were the two taxa of S. vulgaris investigated in the present study.
Var. vulgar/s is considered to be native to W. Eurasia (Kadereit, 1984b) , but is now distributed more or less worldwide, mainly as a ruderal and agricultural weed. In contrast, ssp. denticulatus is a
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rare taxon from the coasts of W. Europe and the mountains of S. Spain and Sicily (Kadereit, 1984a , and unpublished results), where it occurs in both natural and disturbed habitats (Comes, 1995a; Kadereit, unpublished results) . Morphologically, var. vulgar/s and ssp. denticulatus are normally distinguished by the presence of ray fiorets in the latter. Presence vs. absence of ray fiorets is governed by alternative alleles at a single locus (Trow, 1912) . The two taxa differ dramatically in two life history characters, with var. vulgar/s normally exhibiting no pronounced seed dormancy and up to twice the speed of development of ssp. denticulatus (Kadereit, 1984a; Comes, 1995a) . The difference in seed dormancy appears to be regulated by a single gene with two alleles in ssp. denticulatus from Jersey (Kadereit, 1984a) . Presence of seed dormancy was recessive to the absence of seed dormancy in British var. vulgar/s. Seed dormancy, however, has also been shown to occur in var. vulgar/s from the Mediterranean, where the winter-rain climate does not permit the formation of more than one generation per year (Ren & Abbott, 1991; Comes, 1995b) . Seed dormancy here appears to be regulated digenically (Comes, 1995b) .
On the basis of morphological/phenological, geographical and ecological considerations it has been argued that ssp. denticulatus should be regarded as the progenitor of the weedy var. vulgar/s, or as close to such (Kadereit, 1984b (Alexander, from the E. Mediterranean appears to be fixed for seed dormancy, and develops substantially faster from germination to first reproduction (Comes, 1995b Sueur, May, 1986) , respectively. One individual of v was used as the female parent, and two individuals of d as male parents. One plant each from the two F1 families obtained was used for the production by self-pollination of two F2 families, A and B.
Because S. vulgaris has small capitula (width <6 mm) and is extremely self-fertile, all F1 hybrids were produced using Alexander's (1979) emasculation technique, and were verified by the presence of short, stubby ray fiorets, i.e. they were heterozygous for parental, alternative alleles at the ray fioret locus (Trow, 1912) . The degree of residual selfing on emasculated plants in the absence of cross pollen was low. Of a total of 160 v xd F1 plants raised in this study only six (3.8 per cent) proved to be rayless, apparently resulting from accidental selffertilization of the female parent (v).
Between July and October 1990, the parental taxa (N = 93 and 129 for ssp. denticulatus and var.
vulgaris, respectively), the F1 hybrids (N 151), and the two F2 families (N = 128 and 220 for A and B, respectively) were cultivated in a single experiment in order to reduce the environmental variance. Plants were grown in 10 cm plastic pots under outdoor conditions using six randomized blocks. taxon were grown in a fully randomized design under a natural light regime in an unheated greenhouse and scored for both stem height and number of leaves at first bud formation, first anthesis, and first fruiting.
Crosses were also made between S. vernalis from C. Europe (c) and from Israel (i). and material grown from seed collected in Israel (Jerusalem; ruderal, near Sederot Levi Eshkol/ Nablus Road, H. P. Comes, 12 April, 1990) . Further F1 families were raised at the same time (i.e. F1 A: c x i; F1B, F1C: i x c). These F1 individuals were cross-pollinated at random, and used as male parents for the production of each of two separate families of F2, and backcross progenies (BC1: c x F1; BC2: i x F1), respectively. As most material of S. vernalis is self-incompatible, no emasculation of female parents was necessary; however, before crosspollination, pollen of the female parents was washed off the capitula. Between April and August 1992, the parental taxa (N = 64 and 73 for S. vernalis from C. Europe and Israel, respectively), their F1s (N = 65) and F2s (N = 65), and the backcross to the C. European parent (N= 116) were cultivated in 8cm plastic pots in a completely randomized outdoor bed. No BC2 seed germinated. The material was scored as described above for the two S. vulgaris experiments. Within the F1, F2, and BC1 progenies, no significant differences between families (of either
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reciprocal or nonreciprocal types) were observed and their data were pooled in all subsequent analyses.
Statistical procedures
The relatively large F2 and BC1 segregation populations produced for S. vulgaris and S. vernalis, respectively, were examined for evidence of separation into normally distributed series differing in developmental timing. To superimpose normal curves onto each putative series we adopted a simplified maximum likelihood solution of truncated normal distributions (Cohen, 1959) . The expected frequencies were computed from the estimated mean and standard deviation, summed over series, and compared with observed frequencies of the entire distribution by chi-square analysis with n-6 d.f., where n is the number of pairwise comparisons (Bliss, 1967; pp. 162-167) . Truncation points and transformations were chosen so as to produce reasonably normal distributions and to maximize the agreement between observed and expected frequencies. Fitted curves were then used to predict the number of plants belonging to each series, and the estimates, in turn, were subjected to Mendelian analyses in order to test the adequacy of a simple genetic model.
Results
Not unexpectedly, the phenological traits (time to bud formation, first anthesis, and first fruiting) had very similar frequency distributions and significantly high positive phenotypic correlations with each other in all parental generations and their progeny (e.g. for S. vulgaris F2B: r=0.94-0.98, N 203; for S. vemalis BC1: r = 0.91 -0.96, N 105). Accordingly, one of these traits was considered accurate enough to be used as an indicator of general developmental timing, and only the recordings for time to bud formation, as the environmentally least affected trait (Comes, unpublished results) , are presented here.
Senecio vulgaris
The number of days for development from germination to bud formation for the parental taxa, the F1, and the pooled F2 families is shown in Fig. 1 .
Subspecies denticulatus was substantially more variable than var. vulgaris (CV = 0.21, 0.11, respectively). This difference in variance could be removed or substantially lowered by arcsin (1/(x + 1)) or free (Smith, 1976) transformations. Accordingly, the The Genetical Society of Great Britain, Heredity, 77, 544-554. The early/late ratio found is not significantly different from a Mendelian 3:1 ratio (x= 0.70, 0.5 >P>0.4) and is best explained by postulating a single gene with a dominant allele for expression of early development present in var. vulgaris and a recessive allele for late development at the locus in ssp. denticulatus. Similarly to the F1, however, the mean of the early developing F2 series is shifted towards higher values than those of var. vulgaris ( Fig. 1) , indicating an incomplete rather than a The one-generation selection experiment offers additional evidence for a simple genetic basis of speed of development in S. vulgaris. Figure 2 shows the means of the nine F3 families for time to bud formation plotted against the value of their selected F2 parent; the control values of ssp. denticulatus and var. vulgaris are also represented. The regression between the F2 parent and the F3 offspring values, shown in Fig. 2 , has a slope of 0.687 (± 0.044) whereas the entire data set has a slope of 0.567 (± 0.080). The strong F2-F3 regression clearly reflects genetic segregation between six F2 parents with 'early' and three parents with 'late' development. An estimate of narrow-sense heritability (h2), calculated from the F2-F3 slope and adjusted for inbreeding (Smith & Kinman, 1965) , equalled 0.46, thus indicating a high heritability (additive genetic variance) of developmental timing. More importantly, however, after a single generation of selfing, all F3 families derived from extreme F2 individuals came near the control values of the parental taxa ( Fig. 2 = 3.18, P<0.05; h2 = 0.60). On the assumption that these latter plants were homozygous dominant at the major locus, this observation may suggest that additional minor genes (modifiers) affecting developmental timing were present as well. The failure to detect residual heritability among the 'late' F3s could depend on the small number of families raised. A distinct difference in growth pattern was found between early flowering var. vulgaris and late flowering ssp. denticulatus (Fig. 3) . It was obvious that whereas the latter undergoes a distinct rosette stage consisting of a large number of leaves, followed by moderate internode elongation of the axis after bud formation, height increment is greatly enhanced after bud formation in var. vulgaris, which is a sparsely leaved plant with less close spacing of the basal nodes. Figure 3 also illustrates that rates of leaf production do not differ between progenitor and derivative, indicating that early flowering in var. vulgaris does not arise as a simple consequence of its faster growth, but instead is achieved by the abbreviation of the rosette stage of development. The number of days for development from germination to bud formation for the parental taxa and the F1, F2, and BC1 progenies is shown in Fig. 4 . The results are similar to those found in S. vulgaris, with the late flowering plants of S. vemalis from C.
Europe being much more variable for the character observed than the early flowering plants from Israel (CV = 0.20, 0.12, respectively). The same explanation as given above also applies here.
The frequency distribution of the BC1 appears to fall broadly into two groups, namely those individuals that are predominantly like the F1, and those that show a developmental timing as in S. vernalis from C. Europe. However, following a similar calculation and transformation pattern as was carried out for the F2 in S. vulgaris, the overall distribution of the BC1 did not easily fit into two normal distributions truncated at any reasonable point on each side of the zone of overlap between the two hypothesized classes. Figure 4 presents two typical normal distributions found, one for the 'early' individuals truncated at 52 days, and the other for the 'late' individuals truncated at 66 days, fitted to the overall distribution of the 116 BC1 plants. Despite the fact that the observed distribution appears far from two normal distributions, there is formal agreement when one probable outlier (* in Fig. 4 ) is excluded ( = 90.78, 0.25>P>0.1). Hence, the BC1 seemed to segregate into two subpopulations, with an estimated number of 81 'early' and 37 'late' individuals, and with three plants expected but not observed. These data, in fact, are not inconsistent with a 3:1 ratio expected for two independent loci acting dominantly (x = 2.54, 0.2>P>0.1). With such a model, the allelic constitution of the Israeli and C. European parental material could be denoted as AABB and aabb, respectively, and the BC1 would then consist of four genotype classes (AaBb, Aabb, aaBb and aabb) with identical 'early' phenotypes for the first three. Because the means of both the F1 and the early developing BC1 series are shifted towards higher values in comparison to that of S. vernalis from Israel (Fig. 4) , early development appears to be only incompletely dominant over late development, thus paralleling the situation found in S. vulgaris.
Because of the generally low significances in the data presented above, this model may not be taken as an exact representation of the genetics underlying (Fig. 4 ).
There is a large discrepancy for growth pattern between 'early' S. vernalis from Israel and 'late' S. vernalis from Germany (Fig. 5) . Stem elongation, though rapid after bud formation in both accessions, is initiated from a large and densely leafy rosette in German material, but follows a nonrosette stage of growth in Israeli material. As already described above for S. vulgaris, developmental rates in terms of leaf production are virtually identical in the two S. vernalis accessions, thus indicating that early flowering of the Israeli material is achieved through a drastic abbreviation of the rosette stage of development rather than through an acceleration of the entire developmental programme.
Discussion
Attempts to understand and explore the evolution of life history characters (Sibly & Antonovics, 1992) have utilized both single-locus or two-locus (AnderThe Genetical Society of Great Britain, Heredity, 77, 544-554. Smooth lines indicate expected BC1 frequencies according to two truncated normal distributions with days and arcsin (1/(days+1)) as the metameter for the 'early' and 'late' BC1 series, respectively. Means are designated by arrows. Note that one probable outlier (*) was omitted from the analysis.
S. vernalis (Israel) N = 73
The Genetical Society of Great Britain, Heredity, 77, 544-554. (Lande, 1982; Charlesworth, 1984 Charlesworth, , 1990 Stearns, 1992) ; and (2) when the nature and number of genes underlying the observed phenotype are unknown, a quantitative genetic approach has been considered useful for some defined purpose (Smith, 1991 ).
The present study has shown that the life history character 'speed of development' (i.e. time from germination until first bud formation, anthesis, and fruiting) in two closely related Senecio species, S. vu/ga ris and S. vernalis, is inherited by genes with large effects. However, whereas an almost twofold difference in this character between S. vulgaris var. vulgaris and ssp. denticulatus is largely governed by one major gene, a difference of almost identical magnitude appears to be inherited digenically in S.
vernalis from Israel and Germany.
In combination with the absence or presence of seed dormancy, which has been shown previously to be inherited monogenically in both species (Kadereit, 1984a; Comes, 1995b) If, in S. vulgaris, the fast-developing ruderal var. vulgaris is accepted as being derived from the slowdeveloping ssp. denticulatus then var. vu/guns may be regarded as being fixed for an 'early flowering' mutant allele relative to ssp. denticulatus, which is fixed for a 'late flowering' allele. In S. vernalis, however, the direction of evolutionary change is more ambiguous between slow-developing material from C. Europe and fast-developing material from Israel. Nevertheless, by abbreviating the rosette stage of development, and showing a marked reduction in leaf number, the early phenotypes of S.
vulgaris and S. vemalis resemble three 'early flowering' mutants (elf 1-3) recently described from Arabidopsis thaliana by Zagotta et al. (1992) . Elf 1-3 are stage transition and probably loss-of-function mutations, which is in accordance with their recessive mode of inheritance (see below). It might be conceivable that the major gene regulating speed of development in S. vulgaris and one of the two genes that act similarly in S. vernalis are homologous to one of the elf genes of A. thaliana.
It is noteworthy that a rosette stage is involved in virtually all cases where major genes which dramatically influence speed of development have been identified (annual vs. biennial races in Me/ilotus a/ba Med. [Clarke, 1935] , Beta vulganis L. [Abegg, 19361, Hyoscyamus niger L. [Sinnott, 19601;  annual Lactuca graminifolia Michx. vs. biennial L. canadensis L. [Whitaker, 19441 ; length of rosette growth duration in Carthamus fiavescens Spreng. and C.
tinctorius L. [Imrie & Knowles, 19701) . Accordingly, all of these examples of natural species are candidates for the action of genes like elfl-3. However, in contrast to the action of elf mutant alleles in A.
thaliana (Zagotta et at., 1992) the 'early flowering' alleles of S. vulgaris var. vulgaris and S. vemalis are dominant in expression. Bernier et al. (1993) recently concluded that most 'late flowering' mutant alleles (not explicitly stage transition mutations) are recessive, but Freeling et at. (1992) observed that most heterochronic mutants that retard developmental stage transitions are dominant. The two taxa investigated here would fit the conclusion by Bernier et at. (1993) when the alleles of ssp. denticu/atus and C. European S. vemalis are interpreted as 'late flow-
The Genetical Society of Great Britain, Heredity, 77, 544-554. (1992) and Bernier et al. (1993) , however, the cases discussed here do not represent mutant systems of young age, but rather natural taxa which have had ample time to undergo evolutionary transition of dominance relationships.
Though aiming at a testable hypothesis, our suggestion that the major genes controlling speed of development in S. vulgaris and S. vernalis are homologous to major heterochronic elfl-3 genes in A. thaliana needs to be treated with caution. Even if allelic differences in gene action (i.e. dominance! recessiveness) may be neglected in this connection, the possibility of genetic heterogeneity cannot be ruled out. Thus, the early developing Senecio types could have mutations in non-elf genes conferring early development or, vice versa, there might be other Arabidopsis mutations of a similar phenotype. The examination of phenotypes, however, will not help to confirm or refute the action of one of the elf loci in S. vulgaris and S. vernalis. In order to do that, it will be necessary to examine the gene itself.
